). Moreover, the oxidation-reduction potential (ORP) and pH of the GR suspension were measured to examine formation conditions of the different ferric oxyhydroxides and magnetite. The results showed that formation conditions of magnetite in the aqueous solution were different from those of the ferric oxyhydroxides, indicating that reaction conditions in aqueous solution strongly influence the formation of different ferric oxyhydroxides and magnetite.
Introduction
Green rust (GR) is a layered hydroxyl compound consisting ferrous (Fe(II)) and ferric (Fe(III)) ions, which is formed as an intermediate compound between ferrous hydroxide and ferric oxyhydroxides during the corrosion of iron in an aqueous solution. [1] [2] [3] The structure of GR belongs to the class of layered double hydroxides, which is characterized by the stacking of positive iron hydroxide sheets, such as brucite-like [Fe(II) 1Ϫx Fe(III) x (OH) 2 ] xϩ , and negative interlayers compound of anions and water molecules. 4, 5) The structure and chemical formula of GR depend on anions such as CO 3
2Ϫ
, SO 4 2Ϫ , and Cl Ϫ , which are intercalated into the iron hydroxide sheets. The structure and formation of GR have been analyzed by means of 57 Fe Mössbauer spectroscopy, by which the chemical state and hyperfine field of iron in GR are characterized. For instance, Schwertmann et al. 6) and Génin et al. [7] [8] [9] have shown that the [Fe(II)]/[Fe(III)] ratio in GR was equal to nearly two, and Refait et al. 10) have shown that the molar fractions of Fe(II), Fe(III), SO 4 2Ϫ and OH Ϫ in GR affect the formation of GR. GR was transformed into ferric oxyhydroxides and iron oxides via an aqueous solution, such as goethite (a-FeOOH), lepidocrocite (g-FeOOH) and magnetite (Fe 3 O 4 ), 11) as illustrated in Fig. 1 . In this schematic diagram, the structures of these oxyhydroxides and oxides are described using FeO 6 octahedral and partially FeO 4 tetrahedral units, and SO 4 tetrahedral units are intercalated in the GR2(SO 4
) structure. If chloride ions are contained in aqueous solution, akaganeite (b-FeOOH) can be also formed from GR via aqueous solution. The transformation processes of GR are of great importance, as these ferric oxyhydroxides and iron oxides are components of corrosion products formed on the surface of iron-based alloys and steel. The corrosion products are considered to be formed through the oxidation and precipitation of ferrous ions dissolved by electrochemical reactions on steel. 11, 12) The atomic-scale structures of these ferric oxyhydroxides have been shown to be distorted by the incorporation of foreign cations and anions. [13] [14] [15] [16] [17] In addition, in-situ and ex-situ X-ray diffraction measurements have also shown that GR was formed between an upper layer of corrosion products and metallic iron substrate and then it transformed into different components in the final corrosion products. 18, 19) Thus, when the final corrosion products are formed from GR, reaction conditions, such as the chemical state and temperature of aqueous solution, are considered to play important roles in the formation of different ferric oxyhydroxides and iron oxides. August 17, 2007 ) The X-ray diffraction method and Mössbauer spectroscopy were used for characterizing solid particles transformed from hydroxysulfate GR2( ) was shown to be nearly two during the transformation from GR2(SO 4 Although the structure of GR have been studied by means of Mössbauer spectroscopy, 1, 2) the formation mechanism of iron oxide including ferric oxyhydroxides transformed from GR by aerial oxidation is unclear. In addition, X-ray absorption near edge structure spectra are likely to be effective method to characterize the chemical state of GR because GR consists of ferrous (Fe(II)) and ferric (Fe(III)) ions. Since different ferric oxyhydroxides and iron oxides in corrosion products formed on the surface of iron-based alloys are likely to be formed through the dissolution and precipitation of Fe(II) and Fe(III) from GR in aqueous solution, transformation processes of GR into iron oxides should be investigated for understanding the corrosion mechanism of iron. The objective of the present work is to characterize different solid particles transformed from GR2 (SO 4 2Ϫ ) in aqueous solution and formation conditions of these solid particles. The X-ray diffraction, Mössbauer spectroscopy and X-ray absorption near edge structure spectra were used for analyzing the species of the solid particles, and the oxidation-reduction potential and pH of the solution containing the solid particles were measured to examine formation conditions of the solid particles.
Experimental

Sample Preparation
GR2(SO 4
2Ϫ
) was prepared from a solution containing ferric sulfate (Fe 2 (SO 4 ) 3 ) and ferrous sulfate (FeSO 4 ) and a sodium hydroxide (NaOH) solution in accordance with a previous method. 9, 10, 20) The procedure should be described here briefly. The chemicals used in this work are follows: special reagent grade ferric sulfate n-hydrate (Fe 2 (SO 4 ) 3 · nH 2 O), ferrous sulfate heptahydrate (FeSO 4 · 7H 2 O), and sodium hydroxide (NaOH) aqueous solution (8 mol dm ) was further bubbled with Ar gas in order to remove the remnant oxygen. GR2(SO 4
) was washed with Ar-bubbled water by centrifugation, which was used as the starting sample for GR2 (SO 4 2Ϫ ) in this work. A glove box was used in the above preparation, in order to prevent the oxidation of GR2(SO 4   2Ϫ ). An experimental method for investigating transformation processes of GR2 (SO 4 2Ϫ ) in aqueous by oxidation solution has established in our previous work.
21) The procedure is described briefly. The GR2(SO 4
) suspension was oxidized in a reaction cell, which consisted of a 500 mL glass beaker and an airtight glass lid with holes for pH and Pt electrodes, gas inlet/outlet ports, a stirrer port, and a sampling port. In the present work, the GR2(SO 4
) suspension was oxidized in a water bath at 293 or 303 K for over 6 h by passing nitrogen Ϫ2.5 % oxygen gas at a flow rate of 200 mL min Ϫ1 . After a given oxidation time, the suspension was sampled and Ar gas was immediately injected into the suspensions to interrupt the oxidation reaction. The solid particles separated from the suspension were characterized using different methods.
Measurements
X-ray diffraction (XRD) patterns, transmission 57 Fe Mössbauer spectra and X-ray absorption near edge structure (XANES) spectra of the solid particles were measured for characterizing structural components of the particles. Samples for XRD measurements were prepared in the glove box by mixing the solid particles separated from the suspension with glycerol in order to prevent the oxidation by air. The crystallographic structure of the particles was analyzed by XRD with CuKa radiation. 57 Fe Mössbauer spectra of the solid particles were measured by using a constant-acceleration Mössbauer spectrometer with 57 Co. The Mössbauer spectra were measured at 10 K for characterizing components of the particles precisely. The spectrometer was calibrated with a foil of a-Fe at room temperature. Samples for Mössbauer measurements were also prepared in the glove box. They were attached to a sample holder and then introduced in an evacuated cryostat for Mössbauer spectroscopy. Mössbauer spectra obtained experimentally were fitted to several Lorentzian-shape curves using a computer so as to obtain mathematically and physically reasonable Mössbauer parameters.
The chemical state of iron in GR2(SO 4
2Ϫ
) was characterized using measurements of XANES spectra at the Fe K absorption edge by X-ray absorption spectroscopy. The apparatus was an in-house X-ray absorption spectrometer (Rigaku R-XAS Looper) equipped with a Ge(220) Johansson-type monochromator. The backgrounds of the XAS spectra were subtracted using the Rigaku REX2000. Samples for XANES measurements, which were prepared in a manner similar to those for XRD measurements, were attached to a sample holder in order to prevent the oxidation by air.
Furthermore, the oxidation-reduction potential (ORP) ) was transformed into different iron oxides, were monitored as a function of the reaction time by using a TOA DKK IM-55G ion meter, in order to examine conditions of aqueous solution. These Mössbauer parameters were comparable to those obtained in a previous work, [6] [7] [8] [9] indicating that GR2(SO 4 2Ϫ ) with the nearly ideal structure and composition was synthesized in this work.
In ), which consists of ferrous and ferric ions. ) suspension is denoted in Fig. 4 . The backgrounds observed in these patterns are likely to be attributed to remnant water in the samples, glycerol and glass folder. These results revealed that GR2(SO 4
Transformation of GR to Iron Oxyhydroxides and
2Ϫ
) was primarily transformed to aFeOOH particles through oxidation in aqueous solution. In addition, g-FeOOH was detected in the particles formed at 293 K, while Fe 3 O 4 or spinel oxide was detected in the particles formed at 303 K. These results indicated that the formation of different iron oxyhydroxides and oxides transformed from GR2(SO 4
) strongly depends on the oxidation temperature of the aqueous solution.
The ORP and pH of the aqueous solution were monitored in order to examine the formation conditions of different iron oxyhydroxides and oxides. Figures 5(a) and (b) show the ORP and pH during the transformation of the GR2(SO 4
) suspension as a function of the oxidation time at 293 K and 303 K, respectively. In general, the ORP value is increased and the pH is decreased with the oxidation of GR2(SO 4 2Ϫ ), because ferrous ions were oxidized to ferric ions and the transformation of GR2(SO 4
) to iron oxyhydroxides and oxides involves the formation of protons. 21) However, the ORP was decreased in the oxidation time from about 20 to 150 min, the pH value was monotonically decreased with the oxidation in the present experiments. This may be attributed to the instability or dissolution of GR2(SO 4 2Ϫ ), although it should be further investigated. If these results are compared with the structural results as shown in Fig. 2 , it is noted that GR2(SO 4
) was transformed into a-FeOOH and Fe 3 O 4 in two stages between 100 min and 300 min, in which the ORP value was considerably reduced in the initial stage and the ORP and pH vales were largely changed in these stage. This seems to correspond to the fact that a large depronation processes occurred in Fe 3 O 4 , since it does not contain hydrogen. On the other hand, it was transformed into a-FeOOH and g- ) synthesized in this work, which were obtained the spectra measured at 10 K. ). Therefore, the conditions of the aqueous solution play a important role in the formation of different iron oxyhydroxides and oxides transformed from GR2(SO 4
) in aqueous solution.
Mössbauer Spectra of Particles Transformed from
GR Mössbauer spectroscopy is an effective technique to characterize the structure of samples containing iron and sometimes enables us to distinguish Fe(II) and Fe(III) sites in samples. In this work, three samples were selected among the solid particles prepared above for Mössbauer spectroscopy. They were solid particles transformed from GR2(SO 2
4Ϫ
) at 293 K for 60 min (Sample A), at 293 K for 120 min (Sample B) and at 303 K for 120 min (Sample C), since they were considered to be characteristic in the transformation stages. Figure 6 shows a Mössbauer spectrum of solid particles transformed from GR2(SO 2 4Ϫ ), which were oxidized by passing nitrogen Ϫ2.5 % oxygen gas at 293 K for 60 min (Sample A). The Mössbauer parameters estimated from this spectrum are listed in Table 2 . The spectrum is composed of one ferrous paramagnetic doublets D 1 and one ferric doublet D 2 which is assigned to GR2(SO 4
2Ϫ
) and sextet S a allocated to a-FeOOH. These results are consistent with the XRD results given in Fig. 4 ), which were oxidized gas at 293 K for 120 min (Sample B) is shown in Fig. 7 . The Mössbauer parameters obtained from this spectrum are listed in Table 2 . In addition to spectra assigned to GR2(SO 4
) and aFeOOH, a spectrum allocated to g-FeOOH was observed as sextet S g with hyperfine field of ϳ499 kOe and D of 0.07 mm s
Ϫ1
. As g-FeOOH was also detected in XRD pat- ) that was oxidized by passing nitrogen gas containing 2.5 % oxygen atterns of this sample as shown in Fig. 4 , this Mössbauer spectrum is sufficiently reasonable. The parameters obtained in this work seem to be slightly different from those obtained in the previous review, 11, 22) it may be due to the poor crystallinity of a-FeOOH and g-FeOOH formed under the present conditions. Again, the molar ratio of ), which were oxidized at 303 K for 120 min (Sample C). Under this oxidation condition, GR2(SO 4
2Ϫ
) was transformed not only to a-FeOOH but also Fe 3 O 4 , as shown in Fig. 4(b) ), and a-FeOOH is characterized by sextet S a . Although a Mössbauer spectrum of Fe 3 O 4 is known to exhibit complicated components even at low temperature, 11, 22) it was assumed in this analysis that the spectrum of Fe 3 O 4 was composed of three sextets for simplicity. Since the structure of Fe 3 O 4 formed in an aqueous solution may contain considerable imperfections, this assumption may be fairly accepted. Then, the fraction of Fe 3 O 4 consisting of ferric and ferrous ions transformed GR2(SO 4
) was estimated to be about 50 %. This result seems to be in agreement with the XRD pattern of Sample C as shown in ) and the precipitation of ferrous and ferric ions in an aqueous solution. In addition, it is noted that reaction conditions in aqueous solution are significant to control the species of the final reaction products, although further characterization should be performed.
Concluding Remarks
Transformation processes from hydroxysulfate green rust (GR2(SO 4 2Ϫ )) into ferric oxyhydroxides and magnetite in an aqueous solution were investigated using Mössbauer spectroscopy, XRD patterns and XANES spectroscopy, coupled with monitoring the ORP and pH of the aqueous solution. The main conclusions are summarized as follow:
(1) Depending on reaction temperature of aqueous solution, GR2 (SO 4 2Ϫ ) are transformed into different ferric oxyhydroxides and magnetite in aqueous solution. This suggests that reaction temperature of aqueous solution strongly influences the species of the final products. Table 2 . Mössbauer hyperfine parameters of the solid particles transformed from GR in aqueous solution by the oxidation in this work, which were obtained the spectra measured at 10 K. ) that was oxidized by nitrogen gas containing 2.5 % oxygen at 303 K for 120 min. ) that was oxidized by nitrogen gas containing 2.5 % oxygen at 293 K for 120 min. and iron oxides from GR2(SO 4 2Ϫ ) in aqueous solution occurs through the dissolution of GR2(SO 4
2Ϫ
) and the precipitation of ferrous and ferric ions in aqueous solution.
